Abstract-Antenna modeling is a significant issue with respect to the image reconstruction process in a microwave tomography system. Herein, the radiated field from the antenna is modeled as a vertical polarized cylindrical wave, in the numerical incident field model of the algorithm. Two different monopole antenna designs are compared with the incident field model in both amplitude and phase, using data conducted by a flexible microwave imaging system. Finally, the incident field's impact on the reconstructed images by the Newton Kantorovich algorithm, using measured data from both antennas, is presented.
INTRODUCTION
Quantitative microwave imaging has been extensively studied in the past years as an alternative technique in biomedical imaging, with a strong potential in early stage breast cancer detection [1] . Many encouraging results have been presented for the application and even prototype systems have been developed for obtaining clinical results by using either a radar-based technique [2] or microwave tomography [1] . In microwave tomography the inverse scattering problem is solved to retrieve the complex permittivity profile of the biological object from the measured scattered field and the applied incident field. This can be done in two different approaches, solving the nonlinear inverse problem or using different linear approximations, like the Born or Rytov approximations. The linear approach is computationally efficient and suitable for smaller objects with low contrast [3] . However, in biomedical applications the objects are often large with a high dielectric contrast, limiting the usability of the linear approximations. Therefore, more often different iterative methods are used to solve the nonlinear inverse scattering problem. Since, this is a highly computational-heavy process the three-dimensional problem is often simplified into a two-dimensional (2-D) problem [4, 5] . Still today there are many practical issues to be considered in the quantitative microwave imaging problem including: modeling errors, coupling effects, calibration, measurement errors, etc.
In this study, the nonlinear inverse scattering problem is solved, with a Newton-based iterative optimization scheme, the Newton-Kantorovich (NK) algorithm [6] . The measured scattered field is iteratively compared with the computed field from the direct problem with the complex permittivity profile estimation and an applied incident field model. Consequently, the solution is highly sensitive to model errors in the incident field. This paper focus on this model error's impact on the reconstructed quantitative image using data from a flexible robotic microwave imaging system, developed at Mälardalen University (MDH). This study is conducted during the development of the imaging system and the first quantitative images of a 2-D breast phantom are obtained.
TOMOGRAPHY SYSTEM OVERVIEW
The robotic microwave imaging system is developed as a flexible experimental platform, where one of the applications is breast imaging. Using a robot controlled system different system geometries can be investigated by measuring the scattered field with a single transmitting/receiving antennapair, thus avoiding the mutual coupling that can occur when an antenna-array is used. The receiving antenna can be positioned along planar, cylindrical and spherical surfaces with a high accuracy, with a relative position error less than 0.1 mm. In addition, the wide-band system gives the possibility to investigate different frequency bands for different imaging applications with a relatively fast data acquisition time, 0.5 s per measurement point when the robot is used in a very slow movement mode for highest precision of the positioning.
The main parts of the system, as shown in Fig. 1 , are an ABB robot which controls the mechanical positioning of the receiving antenna, a water-tank (2 m in diameter) with an object-fixture and step motor for multi-view measurement, a vector network analyzer (VNA), and a developed Matlab TM control interface collecting field data. 
ANTENNAS AND EXPERIMENTALL SETUP
In this study, two different monopole antenna designs are compared with the numerical incident field model. Both antennas, depicted in Figs. 2(a) and 2(b), are simple monopoles consisting of a semi rigid coaxial cable which has a physical length of 11 mm of the protruding inner conductor and tuned for tap water with a complex permittivity of ε * = 76 + j7.3 (at 1140 MHz and 21 • C), estimated from a measurement based method [6] using the same antennas. It has been shown that the monopole antenna can be easily modeled as a line source in a 2-D imaging problem [7] ; also the fact that the monopole antenna is an efficient radiating element, cheap and easy to manufacture gives good motivation for using them in the tomography system. When immersed into water the antennas are fairly broad banded from 950 MHz-1450 MHz with return loss less than 10 dB. However, in this study only a single frequency of 1140 MHz is used for both antenna setups. By using the monopole antenna with a ground plane increases the antenna gain, thus improves the efficiency of the imaging system. The difference between the antennas is the design of the ground-plane. In the first prototype ( Fig. 2(a) ), it is simply designed with four wires forming a horizontal cross, and the second setup (Fig. 2(b) ) uses a circular ground plane. Since, the first design do not obtain a rotational symmetric radiation pattern in the horizontal plane, the orientation of the receiving antenna must be kept in a specific angel towards the transmitter to obtain a incident field as close as possible to the model. This process was done by manually tuning the angular position of the receiver and transmitter, around their own axis, to obtain a cylindrical waveform fitting the incident field model. In Fig. 3 , the amplitude of the measured incident field is depicted, during the tuning process to best fit the simulated field. As expected, the second design obtains a more rotational symmetric radiation pattern in the horizontal plane and is easier matched with the computed values, without having to manually tune the directions of the antennas. The scattered field is, herein, measured along a circular arc with a radius of 120 mm, in the horizontal plane with vertically polarized monopole antennas, considering a two dimensional transverse magnetic case (2D-TM). The robot arm moving the attached receiving antenna in 37 points using a 5 • angular step sweeping 180 • from 90 • to 270 • (Fig. 4) . The transmitter is positioned at 0 • on the same circular arc. The object is rotated with an angular step of 9 • using the step motor controller to obtain a multi-view examination in 40 views.
In this study, a simple breast phantom is placed in the centre of the system. It consists of two different PVC cylinders with a diameter of 110 mm to hold the normal breast tissue (ε * = 35+j7.3) and 20 mm to hold the tumor liquid (saline water ε * = 58 + j15), with 2.5 mm and 2 mm tick PVC structure, respectively. The breast tissue is simulated with the mixture of the surfactant Triton X-100 and deionized water considering an average of the three categories of adipose breast tissues presented in paper [8] by Lazebnik et al..
FIELD VALIDATION AND IMAGE RECONSTRUTION
As mentioned earlier, the NK algorithm is iteratively minimizing the error between the measured and the computed scattered field from a numerical incident field model in the direct problem. As a result, the solution is highly sensitive to model errors of the incident field inside the object region. The numerical incident field must agree with the measured field from the experimental setup. The radiated field from the transmitting antenna is simply implemented as a vertical polarized cylindrical wave emitted by a line source, as
The H
0 (k 1 |r − r |) term is the zero-order Hankel function of the first kind, f is the frequency, k 1 is the wavenumber of the background medium, and finally r and r represents the observation and source point, respectively. A validation of the measured incident field (in one view) can be done by comparing it with the computed incident field at the receiving points, with the assumption that when a good agreement is obtained also the incident field inside the object region must fit well. In Figs. 5 and 6, the measured amplitude and phase is compared with the numerical model for antenna 1 and 2, correspondingly. One can see that the second antenna design has a much better fit in both amplitude and phase compared to first design.
However, in the image reconstruction process it is the incident field inside the object that is of major importance. Therefore, the image reconstruction from the multi-view data of the breast phantom using both antennas designs will be compared. In this way the impact of the incident field model error inside the object region due to the antenna choice can be investigated, in terms of artifacts in the reconstructed images. Fig. 7 shows the reconstructed real and imaginary permittivity profiles during the first three iterations, starting from the initial guess of a breast without tumor (Fig. 7(a) ), for both antenna designs. One can see that results is better with the Figure 5 : The incident field comparison between measured field for antenna 1 (Fig. 2(a) ) and the simulated field, amplitude (left) and unwrapped phase (right). The measurement are obtained at a temperature of 21.5
• C for the background-medium giving an estimated complex permittivity of ε * = 75.6 + j7.3. Figure 6 : The incident field comparison between measured field for antenna 2 ( Fig. 2(b) ) and the simulated field, amplitude (left) and unwrapped phase (right). The measurement are obtained at a temperature of 18.8
• C for the background-medium giving an estimated complex permittivity of ε * = 78 + j8.3. second antenna design, the reconstructed images has much less artifacts, especially in the imaginary part. The tumor phantom is clearly reconstructed even if some artifacts appear in the imaginary part. These results indicate the importance of choosing an antenna design that enables a minimal incident field model error in the algorithm.
CONCLUSIONS
In this paper, two different monopole antenna designs have been validated in a flexible microwave tomography system. The results show how the selection of antenna design impacts the error between the measured incident field and the numerical incident field model. By comparing the reconstructed images of a simple breast phantom it was shown how the quantitative image is affected by this model error. Using an antenna design that minimizes the error between the model and the measured values leads to a better reconstruction of the object. This confirms the importance of minimizing the model error inside the object region.
